The relationship between stallion fertility and oxidative stress remains poorly understood. The purpose of this study was to identify criteria for thoroughbred fertility assessment by performing a logistical regression analysis using ''dismount'' sperm parameters as predictors and weekly per-cycle conception rate as the dependent variable. Paradoxically, positive relationships between fertility and oxidative stress were revealed, such that samples that produced pregnancies exhibited higher rates of 8-hydroxy-2 0 -deoxyguanosine release (1490.2% vs. 705.5 pg/ml/24 h) and lower vitality (60.5% vs. 69.6%) and acrosome integrity (40.2% vs. 50.1%) than those that did not. We hypothesized that the most fertile spermatozoa exhibited the highest levels of oxidative phosphorylation (OXPHOS), with oxidative stress simply being a by-product of intense mitochondrial activity. Accordingly, an experiment to investigate the relationship between oxidative stress and motility was conducted and revealed positive correlations between mitochondrial ROS and total motility (R 2 ¼ 0.90), rapid motility (R 2 ¼ 0.89), average path velocity (VAP; R 2 ¼ 0.59), and curvilinear velocity (VCL; R 2 ¼ 0.66). Similarly, lipid peroxidation was positively correlated with total motility (R 2 ¼ 0.46), rapid motility (R 2 ¼ 0.51), average path velocity (R 2 ¼ 0.62), and VCL (R 2 ¼ 0.56), supporting the aforementioned hypothesis. The relative importance of OXPHOS in supporting the motility of equine spermatozoa was contrasted with human spermatozoa, which primarily utilize glycolysis. In this study, mitochondrial inhibition significantly reduced the velocity (P , 0.01) and ATP (P , 0.05) content of equine, but not human, spermatozoa, emphasizing the former's relative dependence on OXPHOS. The equine is the first mammal in which such a positive relationship between oxidative stress and functionality has been observed, with implications for the management of stallion fertility in vitro and in vivo.
INTRODUCTION
The per-cycle conception (PCC) of thoroughbred stallions is extremely variable, ranging from 35% to 90% [1] , and tends to be markedly lower than that of other domestic species, such as rams [2] and boars [3] . A major contributing factor to this phenomenon is that stallions are selected for breeding on the basis of their pedigree and athletic performance, with fertility generally being unknown at the time of purchase by the stud farm. For this reason, there is almost no selection pressure for reproductive traits, which, in the equine, have been shown to be heritable [4] . This contrasts markedly with other domestic animal species in which the ultimate goal is productivity, with selection for animal production traits translating into higher PCC rates [2, 3] . In addition, there are significant economic pressures on mare owners to time matings in such a way that the resulting foals are born as close as possible to January 1 in the northern hemisphere or August 1 in the southern hemisphere, so that the offspring are as mature as possible for yearling sales and age-related races. For this reason, the thoroughbred breeding season is restricted to a 4-mo period, during which individual stallions may be expected to impregnate in excess of 200 mares.
As the thoroughbred stud book does not accept the use of assisted reproductive technologies, ex vivo sperm manipulations are not possible, and breeding regimes must be carefully tailored to maximize the PCC rate on a stallion-by-stallion basis. A number of attempts have been made to predict stallion fertility based on conventional semen analyses, such as motility, morphology, and sperm concentration [5] [6] [7] [8] . Although these parameters are sufficiently prognostic to identify stallions with seriously impaired semen quality, predicting relative degrees of subfertility in breeding stallions requires a greater level of sensitivity [9] . Due to the difficulties (economic and logistical) associated with undertaking equine industry research, the relationship between stallion fertility and more advanced sperm assays, such as oxidative stress assessments, remains poorly understood. In contrast, the importance of oxidative stress in human male infertility has become very apparent, and many sensitive methods for measuring ROS production and oxidative damage have been developed [10] [11] [12] [13] [14] .
The purpose of this study was to identify an optimal set of diagnostic criteria that will facilitate accurate assessment of the fertility of thoroughbred stallion ejaculates. The results demonstrate that the spermatozoa of this species are dependent on oxidative phosphorylation (OXPHOS) to the extent that oxidative stress markers have a positive correlation with fertility. This is the first and only mammalian species in which such a relationship has been observed.
MATERIALS AND METHODS

Materials
Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich. A modified Biggers, Whitten, and Whittingham (BWW) medium [15] containing 95 mM NaCl, 4.7 mM KCl, 1.7 mM CaCl 2 Á2H 2 O, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 Á7H 2 O, 25 mM NaHCO 3 , 5.6 mM D-glucose, 275 lM sodium pyruvate, 3.7 ll/ml 60% sodium lactate syrup, 50 U/ml penicillin, 50 lg/ml streptomycin, 20 mM Hepes, and 0.1% (w/v) polyvinyl alcohol, with an osmolarity of approximately 310 mOsm/kg and a pH of approximately 7.4, was utilized throughout this study.
Preparation of Spermatozoa
Institutional and New South Wales State Government ethical approval was secured for the use of human and animal materials, and informed consent was obtained for the use of human materials in this study. This research was based on multiple donations from three normozoospermic crossbred pony stallions and three normozoospermic men.
Equine sperm dismount samples (n ¼ 83) were donated by commercial thoroughbred stud farms associated with the Hunter Valley Equine Research Centre. As the stallion dismounted the mare following coitus, residual semen was gently milked from the urethra and collected directly into a sterile 50-ml specimen jar. The semen was drawn up into a syringe and gently expelled into a 50-ml Falcon tube, after which it was diluted (2:1, extender:semen) with Kenney extender consisting of 272 mM glucose, 24 mg/ml skim milk powder, 1500 U/ml penicillin, and 1.5 mg/ml streptomycin [16] . Equipment and extender were maintained at temperatures between 308C and 378C for the duration of semen collection and dilution. The tubes of extended semen were then transported to the laboratory in a polystyrene box at room temperature (RT). On arrival at the laboratory (4-8 h after collection), extended semen was filtered through 40-lm sterile Falcon Cell Strainers (BD, Australia), transferred into 15-ml Falcon tubes, and centrifuged at 500 3 g for 15 min to concentrate spermatozoa. Following centrifugation, the supernatant was aspirated and spermatozoa were resuspended to a concentration of 20 3 10 6 spermatozoa/ml in BWW.
Entire equine ejaculates were collected from crossbred pony stallions held on institutionally approved premises using either a pony-sized Missouri artificial vagina (AV) or a modified Hannover AV, shortened by approximately 10 cm (Minitube Australia, Ballarat, VIC, Australia) with an in-line semen filter. The ejaculate was immediately diluted (2 þ 1, extender þ semen) with Kenney extender [16] and transported to the laboratory (;1 h). The extended semen was subsequently fractionated on a 40%/80% discontinuous Percoll (GE Healthcare, Castle Hill, Australia) gradient using a protocol that has been previously described for human samples [17] . Good-quality equine spermatozoa were ultimately recovered from the base of the high-density region of the gradient, washed with medium BWW (15 min at 500 3 g), and finally resuspended at a concentration of 20 3 10 6 /ml. For human sperm preparation, semen samples were produced by masturbation and collected into sterile sample containers following at least 48 hours of abstinence. Semen samples were delivered to the laboratory within 1 h of ejaculation. Purification of human spermatozoa was achieved using 44% and 88% discontinuous Percoll centrifugation gradients, as previously described [17] . After 30-min centrifugation at 500 3 g, purified spermatozoa were recovered from the base of the 88% Percoll fraction, washed with BWW by centrifugation at 500 3 g for a further 15 min, and finally resuspended at a concentration of 20 3 10 6 cell/ml in BWW. All assays were performed in BWW at a sperm concentration of 20 3 10 6 / ml for both equine and human spermatozoa unless otherwise stated.
Motility Analysis
Sperm motility was objectively determined using computer-assisted sperm analysis (CASA; IVOS, Hamilton Thorne, Danvers, MA) using the following settings; negative phase-contrast optics, recording rate of 60 frames/sec, minimum contrast of 70, minimum cell size of 4 pixels, low size gate of 0.17, high size gate of 2.9, low-intensity gate of 0.6, high-intensity gate of 1.74, nonmotile head size of 10 pixels, nonmotile head intensity of 135, progressive average path velocity (VAP) threshold of 50 lm/sec, slow (static) cell VAP threshold of 20 lm/sec, slow (static) cell velocity (VSL) threshold of 0 lm/sec, and threshold straightness (STR) of 75%. Cells exhibiting a VAP of !50 lm/ sec and an STR of !75% were considered progressive. A minimum of 200 spermatozoa in a minimum of five fields were assessed using 20 lm Leja standard count slides (Gytech, Australia) and a stage temperature of 378C.
Morphology
Approximately 1 3 10 6 spermatozoa were fixed in 2% paraformaldehyde for 10 min at 48C, washed in PBS, and stored in 0.1 M glycine in PBS for up to 1 wk prior to analysis. Morphology was assessed using phase-contrast microscopy (Zeiss Axio Imager A1) at 1000 3 magnification under oil immersion. A total of 100 cells were classified per sample as either being normal or having abnormalities of the head, midpiece, tail, or proximal or distal cytoplasmic droplets, as previously described [18] .
Flow Cytometry
Unless otherwise stated, all flow cytometry was performed using a FACSCalibur flow cytometer (Becton Dickinson, CA) with a 488-nm argonion laser. Emission measurements were made using 530/30 nm band pass (green/FL-1), 585/42 nm band pass (red/FL-2), 661/16 nm band pass (red/FL-3), and .670 nm long pass (far red/FL-4) filters. Debris was gated out using a forward scatter/side scatter dot plot, and 5000 cells were analyzed per sample. All data was analyzed using CellQuest Pro software (Becton Dickinson).
Vitality
Sperm vitality was assessed using LIVE/DEAD far red fixable stain (Molecular Probes, Australia). Briefly, spermatozoa were incubated at 378C for 20 min with reconstituted stain, per the manufacturer's instructions, at a concentration of 1 ll/ml. Following staining, spermatozoa were washed in BWW, fixed in 2% paraformaldehyde, washed in PBS, and stored for up to 1 wk in 0.1 M glycine in PBS. Samples were analyzed via flow cytometry and classified as either vital or nonvital, using a snap-frozen (''dead'') positive control for gating purposes.
ROS Production
Total cellular ROS production was measured by incubating spermatozoa with 2 lM dihydroethidium (DHE; Molecular Probes, Australia) and 5 nM Sytox GMreen vitality stain (Molecular Probes, Australia) for 15 min at 378C. Samples were assessed via flow cytometry and classified as either DHE positive (live or dead) or DHE negative (live or dead). As all dead cells are positive for DHE, only live cell data were used for statistical analyses.
Mitochondrial superoxide production was measured by incubating spermatozoa with 2 lM MitoSOX Red (MSR; Molecular Probes, Australia) and 5 nM Sytox Green vitality stain (Molecular Probes, Australia) for 15 min at 378C. Samples were assessed via flow cytometry and classified as either MSR positive (live or dead) or MSR negative (live or dead). As all dead cells are positive for MSR, only live cell data were used for statistical analyses. For both MSR and DHE assays, positive control treatments were 50 lM arachidonic acid with either MSR or DHE alone (FL-2 gating), and snap-frozen (dead) cells were stained with Sytox Green (FL-1 gating).
Aldehyde Dehydrogenase
Aldehyde dehydrogenase activity was measured using the ALDEFLUOR Assay Kit (StemCell Technologies, Australia) according to the manufacturer's instructions. The activated ALDEFLUOR reagent, BODIPY-aminoacetaldehyde-diethyl acetate, is a substrate for aldehyde dehydrogenase, and freely passes into cells, where it is converted to BODIPY-aminoacate. As BODIPYaminoacate is retained only within intact cells, the use of a vitality stain, such as propidium iodide (PI), is essential to exclude nonvital spermatozoa from the analysis. A potent inhibitor of aldehyde dehydrogenase, diethylaminobenzaldehyde, was used as a negative control in conjunction with the activated reagent to set the gate between populations of spermatozoa with high and low aldehyde dehydrogenase activity. Briefly, 1 3 10 6 spermatozoa in a volume of 50 ll were concentrated via centrifugation at 500 3 g for 3 min, the supernatant aspirated, and the resulting pellet resuspended in 500 ll ALDEFLUOR assay buffer containing 5 ll/ml of the activated reagent. Spermatozoa were incubated for 30 min at 378C, after which they were centrifuged again at 500 3 g for 5 min, with the resulting pellet being resuspended in 200 ll of assay buffer (without reagent) and assessed via flow cytometry using 7.5 lM PI as a vitality stain. As all dead cells are negative for ALDEFLUOR fluorescence, only live cell data were used for statistical analysis.
Oxidative DNA Damage
Oxidative guanine adducts (8-hydroxy-2 0 -deoxyguanosine [8OHdG]) were measured using the OxyDNA assay kit (Calbiochem, CA) in conjunction with LIVE/DEAD fixable vitality stain, as previously described [19] with some modifications. Briefly, spermatozoa were stained with LIVE/DEAD as described above for vitality assessment, washed with BWW, and chromatin was relaxed to facilitate probe access by incubation with 2 mM dithiothreitol for 30 min at RT. Following chromatin relaxation, spermatozoa were washed in BWW, fixed in 2% paraformaldehyde, washed in PBS, and stored in 0.1 M glycine for up to 1 wk. On the day of assessment, cells were permeabilized in a solution of PBS containing 0.1% Triton X-100 and 3.4 mM sodium citrate for 5 min at 48C, after which they were pelleted via centrifugation and resuspended in a 1:50 dilution of the fluorescein isothiocyanate (FITC)-conjugate solution in wash solution (200 ll of wash solution from kit and 4800 ll Milli-Q water; GIBB ET AL.
Millipore, Australia). The cells were incubated for 1 h at 378C, after which they were pelleted via centrifugation, resuspended in PBS, and analyzed via flow cytometry. Spermatozoa were classified according to their vitality and 8OHdG positivity.
Spermatozoa are capable of removing 8OHdG adducts as part of a truncated DNA repair mechanism [20] . For this reason, free 8OHdG in the extracellular media were quantified following 24 h (to allow accumulation of extracellular 8OHdG to detectable levels within the media) of incubation at 378C using a specific 8OHdG ELISA kit (Abcam, Cambridge, U.K.) as a measure of cumulative oxidative stress. Briefly, 150 ll aliquots of prepared dismount spermatozoa were incubated at 378C for 24 h, after which samples were centrifuged at 500 3 g for 3 min to remove spermatozoa. The supernatant was collected, placed into a fresh tube, and further centrifuged at 2400 3 g for 5 min to further minimize cellular contamination. The supernatant was again collected, snap frozen in liquid nitrogen, and stored at À808C until analysis, per the manufacturer's instructions. The ELISA plate was allowed to develop in the dark on an orbital shaker for 90 min before being read on a Fluostar Optima (BMG Labtech) plate reader at a wavelength of 405-410 nm.
Lipid Peroxidation
Lipid membrane peroxidation was determined by the presence of the 4-hydroxynonenal (4HNE) adduct using an anti-4HNE antibody (Jogmar Diagnostics, TX). Approximately 2 3 10 6 cells were pelleted via centrifugation, resuspended in a 1:50 dilution of antibody in BWW, and incubated for 30 min at 378C. Following incubation, cells were washed twice in BWW, resuspended in a 1:100 dilution of labeled secondary antibody (Alexa Fluor 488 Goat AntiRabbit IgG; Molecular Probes, Australia) in BWW, and incubated for 10 min at 378C. Spermatozoa were then washed twice and resuspended in BWW for flow cytometric analysis using 7.5 lM PI as a vitality stain. A control of secondary antibody only was used to set the gate between low (background fluorescence) and high levels of lipid peroxidation.
Sperm Chromatin Structure Assay
The sperm chromatin structure assay (SCSA) was performed as previously described by Evenson and Jost [21] . Briefly, aliquots of spermatozoa were further diluted to a concentration of 10 3 10 6 cells/ml, snap frozen in liquid nitrogen, and stored at À808C until assessment. Immediately prior to assessment, samples were thawed at 378C and stored on ice, after which 200 ll of acid detergent solution (0.08 N HCl, 0.15 M NaCl, 0.1% Triton X-100, pH of 1.2) was added to 100 ll of sperm suspension and, exactly 30 s later, 600 ll of acridine orange staining solution (0.1 M citric acid, 0.2 M Na 2 PO 4 , 1 mM EDTA, 0.15 M NaCl, 22.6 lM acridine orange, pH 6.0) was added. Samples were run on a FACScan flow cytometer (BD, NJ) with a standard argon laser (488 nm) using CellQuest software for 3 min prior to acquiring data. Debris was gated out using a forward scatter/side scatter dot plot with a region drawn around sperm cells. Green fluorescence was detected in FL-1 and red fluorescence was detected in FL-3. The percentage of cells outside the main population (detectable DNA fragmentation index), the ratio of red fluorescence to total fluorescence (DNA fragmentation index: ratio of single stranded or denatured DNA to total DNA), and the percentage of cells with high green fluorescence (considered to be poorly protaminated) were calculated from the output of CellQuest software, as previously described [21] .
Acrosome Integrity
The acrosome integrity assay was performed as previously described [22] with some modifications. Briefly, sperm samples were stained with LIVE/ DEAD far red fixable stain, fixed, and stored in 0.1 M glycine in PBS, as previously described for the vitality assay. Following storage, cells were permeabilized as described for the oxidative DNA damage assay, centrifuged, and the pellet resuspended in a PBS solution containing 0.4 lg/ml FITC-peanut agglutinin. Samples were incubated for 15 min at 378C, after which they were centrifuged and resuspended in PBS for flow cytometric analysis. Permeabilized spermatozoa were classified as being live and acrosome intact (green fluorescence only), live and acrosome damaged (no fluorescence), dead and acrosome intact (red and green fluorescence), or dead and acrosome damaged (red fluorescence only).
Mitochondrial Membrane Potential (JC-1)
Mitochondrial membrane potential was determined by flow cytometry using the JC-1 probe (2 lM staining concentration) according to the manufacturer's instructions, as previously described for stallion spermatozoa [23] , with omission of the PI staining step. JC-1 is a cationic carbocyanine dye that accumulates in the mitochondria. The dye exists as a monomer at low concentrations and yields green fluorescence, similar to fluorescein. At higher concentrations, the dye forms J-aggregates that exhibit a broad excitation spectrum and an emission maximum at ;590 nm. These characteristics make JC-1 a sensitive marker for mitochondrial membrane potential.
ATP Concentration
ATP levels were measured using an ATP bioluminescence assay kit (Sigma-Aldrich, Australia) following the manufacturer's instructions. Briefly, 200-ll aliquots of spermatozoa were snap frozen in liquid nitrogen following treatment and stored at À808C until analysis. On the day of analysis, samples were thawed on ice and centrifuged at 20 000 3 g for 15 min at 48C. The supernatant was retained and utilized for the assay. The ATP standard solution supplied with the kit was serially diluted to obtain concentrations of 10 À6 g/ml to 10 À9 g/ml. The luciferin-luciferase reagent (100 ll) was then run for 5 min at 378C in a Berthold AutoLumat luminometer LB-953 (Berthold, Bad Wildbad, Germany) to stabilize the chemiluminescent system. Samples of standards (100 ll) were then added and the resulting chemiluminescence was monitored for a further 5 min, and the results expressed as integrated counts. For this assay, media blanks were also run for every treatment in order to ensure that the signals recorded were not due to the spontaneous activation of the probe.
Animal Information Collection
At the end of the breeding season, the following data were collected: stallion and mare ages, mare fecundity, and historical breeding efficiency (the ratio of 30-day pregnancies over the last 5 breeding years based on data from the Australian Stud Book web site; for example, if a mare went to stud each year for 5 yr and carried three pregnancies to a minimum of 30 days, she would receive a score of 0.6), as well as weekly PCC rates of stallions for the duration of the study.
Statistical Analyses
Student t-tests, stepwise multiple linear regressions (using forward selection and a ¼ 0.15) and Pearson correlations were performed using Minitab software (version 16.2.1.). Bland Altman plots for the method comparison of whole ejaculate and dismount sample sperm assessment were generated using Analyse-it for Microsoft Excel (version 2.20). For t-tests and regressions, where data were not normally distributed, transformations were performed to meet the assumption of normality. All results are presented as either nontransformed or back-transformed values.
Experimental Design
Field trial. Postinsemination dismount samples were collected from 10 thoroughbred stallions (between 3 and 14 samples per stallion; n ¼ 83) by stallion handlers at a thoroughbred stud farm in the Hunter Valley (NSW, Australia) on a weekly basis for the duration of the 2012 breeding season (September-December, inclusive). To compare criteria of sperm quality between samples that either did or did not result in pregnancies, an unpaired, two-tailed Student t-test was utilized. Stepwise linear regressions were performed to generate an algorithm for predicting weekly fertility. Due to a minimal sperm concentration and volume requirement, only 45 samples were sufficient for use in the 8OHdG ELISA assay.
Relationship between equine sperm motility and oxidative stress. To ascertain whether parameters of spermatozoa from dismount samples could be considered reasonable indicators of the whole ejaculate quality (thereby validating the use of whole ejaculates to further investigate the relationship between sperm motility and oxidative stress), three whole ejaculates with paired pseudodismount samples were collected from each of three pony stallions (following withdrawal from the AV), with each fraction being assessed for sperm count, vitality, motility (CASA), oxidative stress markers (8OHdG and 4HNE), and morphology. Comparisons between dismount and whole-ejaculate spermatozoa were assessed using correlations and Bland Altman analyses.
To confirm the hypothesized relationship between equine sperm motility and oxidative stress markers highlighted during the field trial, eight ejaculates from each of three pony stallions were processed as described above and stored at RT in the dark for 48 h. After 48 h, each sample was measured for objective motility (CASA), lipid peroxidation (4HNE), mitochondrial superoxide production (MSR), and cytosolic superoxide production (DHE), and correlations between oxidative stress markers (4HNE, MSR, and DHE) and CASA parameters were investigated.
Significance of mitochondrial activity. In order to ascertain the major metabolic pathway for ATP production by equine spermatozoa, a direct PREDICTING STALLION FERTILITY comparison was made with human spermatozoa, which are known to primarily use glycolysis for ATP production [24] . To investigate the effect of mitochondrial inhibition on the motility and vitality of equine and human spermatozoa, several mitochondrial inhibitors were compared for their ability to reduce membrane potential and sperm velocity while having minimal detrimental effect on vitality and total motility at concentrations that were previously determined during pilot studies. Spermatozoa were incubated for 30 min at 378C in the presence of carbonyl cyanide m-chlorophenyl hydrazone (CCCP; 100 lM), antimycin A (20 lM), rotenone (10 lM), diphenyleneiodonium (DPI; 10 lM), or BWW without inhibitors (control). Following incubation, objective assessment of motility, mitochondrial membrane potential (JC-1), and vitality were carried out as described above.
As a result of the above analysis, DPI was selected to compare the effect of mitochondrial inhibition on equine and human spermatozoa, as it most effectively reduced mitochondrial membrane potential, while having no effect on vitality, and the least detrimental effect on total motility during the course of the experiment. Prepared equine and human spermatozoa were incubated in the presence or absence of 10 lM DPI for 1 h at 378C prior to measurement of ATP and sperm velocity (VAP, VSL, and VCL). Motility was also assessed prior to incubation for comparison of uninhibited human and equine sperm velocity parameters.
Relationship between sperm motility and oxygen requirements. In order to directly ascertain the effect of oxygen on equine and human sperm motility, ejaculates from pony stallions (n ¼ 3) and humans (n ¼ 3) were prepared as described above, and 2-ml aliquots were underlaid below 8 ml of BWW (in a 15-ml Falcon tube), which had been either saturated with oxygen (''aerobic''; approximately 30% dissolved O 2 ) or deoxygenated by bubbling nitrogen gas through the medium for 10 min (,1% dissolved O 2 ). The resulting tubes were then capped, placed at a 458 angle, and incubated at 378C for 1 h. Following incubation, tubes were gently returned to an upright position, a 5-ll aliquot was removed from the 4.5-ml mark (2.5 ml above the sperm/BWW interface), and sperm concentration in the ''swim-up'' fraction was determined using a hemocytometer.
RESULTS
Field Trial: Regression Analysis
The results of the regression analysis are presented in Figure  1 and Table 1 . The variables that were selected for the prediction of weekly PCC rates were incorporated into an algorithm, such that weekly PCC ¼ 95.43 þ (stallion age 3 À3.25) þ (mare age 3 À2.43) þ (mare breeding history 3 À0.12) þ (vitality 3 1.79) þ (head defects 3 2.89) þ (distal cytoplasmic droplets 3 3.44) þ (tail defects 3 2.98) þ (rapid motility 3 0.47) þ (amplitude of lateral head displacement
The formula was then applied to the original data set to construct predicted weekly PCC rates for each stallion. A scatter plot of the actual values for weekly PCC from the data set against the values predicted by the model was constructed with an R 2 value of 0.82 ( Fig. 1 and Table 1 ).
Field Trial: Comparison Between Samples That Did or Did Not Result in Pregnancies
Paradoxically, samples that did result in pregnancies (n ¼ 46) had significantly lower vitality (60.5 6 2.8% vs. 69.6 6 2.4%; P , 0.05), fewer live, acrosome-intact cells (40.2 6 3.1% vs. 50.1 6 3.4%; P , 0.05), lower sperm concentrations (24.3 6 3.4 vs. 51.3 6 13 3 10 6 spermatozoa/ml; P , 0.05), fewer DHE-negative cells (52.1 6 2.3% vs. 59.2 6 2.8%; P , 0.05), more total oxidative DNA damage (9.8 6 1.2% vs. 6.7 6 0.8%; P , 0.05), fewer live cells devoid of oxidative DNA damage (57.7 6 3.0% vs. 65.8 6 2.6%; P , 0.05), and more DNA damage adducts (evidence of DNA repair enzyme activity) in the medium following incubation for 24 h (1490.2 6 219.0 vs. 705.5 6 74 pg/20 3 10 6 sperm; P , 0.01) than samples that did not result in pregnancies (n ¼ 37; Fig. 2 ).
Relationship Between Equine Sperm Motility and Oxidative Stress
Bland Altman analyses indicated that the 95% limits of agreement ranged widely within the majority of sperm parameters assessed (Supplemental Table S1 ; all Supplemental Data are available online at www.biolreprod.org), indicating that it cannot be claimed that the assessment of dismount samples will provide equivalent results to those obtained by assessment of spermatozoa from a whole ejaculate. However, the thoroughbred industry does not permit the use of ART, and, therefore, the question of whether there is a relationship between the parameters of dismount sample spermatozoa and whole-ejaculate spermatozoa is essential, given that only this fraction is available for assessment. For this reason, correlation analyses between whole-ejaculate and dismount sperm parameters were performed, revealing significant correlations between whole-ejaculate and dismount sample sperm vitality, total motility, progressive motility, % rapid cells, oxidative stress (4HNE and 8OHdG) sperm count, and tail abnormalities (Fig. 3) , suggesting that dismount sperm analysis may be used to provide an indication of the quality of sperm in the whole ejaculate.
We have previously shown that, over time, equine spermatozoa produce increasing amounts of mitochondrial ROS with a concurrent loss of motility [25] , suggesting a negative correlation between these parameters. However, the nature of this relationship at a given time point has not been investigated. Significant correlations that were found between oxidative stress parameters and CASA parameters after 48 h of incubation at RT are presented in Figure 4 . Paradoxically, there were positive correlations between a number of motility parameters (total motility, rapid motility, VAP, and VCL) and oxidative stress markers (MSR-positive and 4HNE-positive live cells). There were positive correlations between MSR-positive cells and total motility (R 2 ¼ 0.90), rapid motility (R 2 ¼ 0.89), VAP (R 2 ¼ 0.59), and VCL (R 2 ¼ 0.66), and between 4HNE-positive cells and total motility (R 2 ¼ 0.46), rapid motility (R 2 ¼ 0.51), VAP (R 2 ¼ 0.62), and VCL (R 2 ¼ 0.56). All correlations were highly significant (P 0.001).
These unexpected results suggest that the most fertile ejaculates were those exhibiting the highest levels of oxidative stress. A possible explanation for such a relationship might be that the most fertile sperm populations are those exhibiting the highest levels of OXPHOS, and the oxidative stress is simply a by-product of intense mitochondrial activity. In order to investigate this possibility, we designed a series of experiments to interrogate the overall significance of OXPHOS in driving 
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ATP generation in equine spermatozoa, and compared the results with those from human spermatozoa, which are known to be highly dependent on glycolysis for their energy metabolism [24] .
Significance of Mitochondrial Activity
The effect of mitochondrial inhibition of equine sperm mitochondria using antimycin A, CCCP, DPI, and rotenone on total motility, VAP, mitochondrial membrane potential (JC-1), and vitality are presented in Figure 5 . Following incubation with the inhibitors, sperm vitality was unchanged with all treatments except antimycin A (Fig. 5A) , while all four reagents succeeded in significantly suppressing mitochondrial membrane potential (P , 0.05; Fig. 5B ). This loss of membrane potential was associated with a highly significant fall (P , 0.001) in the velocity of sperm movement as expressed by VAP (Fig. 5C) and, in the case of rotenone and antimycin, two known stimulators of mitochondrial ROS generation [26] , by a significant reduction in total motility (Fig. 5D) . Inhibition of the mitochondrial electron transport chain using the flavoprotein inhibitor, DPI, significantly reduced the velocity (CASA) of equine spermatozoa (141.3-38.4 lm/sec; Fig. 6A ), but had no effect on human spermatozoa (87.8-78.5 lm/sec; Fig. 6A ). The ATP concentration of equine spermatozoa was also significantly reduced in DPI-treated spermatozoa (0.035 6 0.002 to 0.008 6 0.0002 pg/20 3 10 6 spermatozoa), while the ATP content of human spermatozoa remained stable (1. 
Relationship Between Sperm Motility and Oxygen Requirements
An anaerobic environment significantly impaired the ability of equine spermatozoa to ''swim up,'' with the sperm concentration in the anaerobic treatment being 1.58 3 10 6 spermatozoa/ml compared to 4.46 3 10 6 spermatozoa/ml under aerobic conditions (P , 0.05; Fig. 7A ). Conversely, an oxygen-rich environment was highly detrimental to human spermatozoa, with significantly higher counts in the swim-up PREDICTING STALLION FERTILITY fraction under anaerobic conditions (4.65 3 10 6 spermatozoa/ ml compared to 9.67 3 10 6 spermatozoa/ml under aerobic and anaerobic conditions, respectively; P , 0.05; Fig. 7B ).
DISCUSSION
This is the first report that equine spermatozoa rely almost entirely on OXPHOS for the generation of ATP for motility. While a previous study has reported a relationship between mitochondrial membrane potential and motility of equine spermatozoa, thereby hypothesizing that equine spermatozoa may be dependent on OXPHOS [27] , this is the first study to confirm this observation using mitochondrial inhibitors, the measurement of ATP concentration, and direct comparisons with a species known to rely predominantly on glycolysis for sperm motility. The initial aim of the present study, being to predict the fertility of thoroughbred stallions based on in vitro sperm parameters, was achieved. Given that fertility is strongly influenced by mare factors [1] , and that the mare information available for this study was limited, the strong correlation between predicted and actual weekly fertility obtained during this trial (R 2 ¼ 0.82) demonstrated the validity of this approach for elucidating the significance of various sperm parameters, such as oxidative stress, for fertility. In addition, this study was able to demonstrate a close relationship between dismount sample and whole-ejaculate sperm parameters (Fig. 3) , an observation that provided the investigators with the confidence to further investigate this phenomenon using whole ejaculates collected via AV.
Based on conventional paradigms, the field trial data revealed several paradoxical relationships between fertility and sperm parameters. First, the regression analysis showed that the generation of ROS, measured using several different assays, was frequently positively correlated with fertility, or, more correctly, that there was an inverse relationship between fertility and the percentage of viable cells without oxidative damage (Table 1) . While the authors concede that correlation does not necessarily imply causation, this phenomenon has been previously reported, suggesting a common underlying relationship [27, 28] . A study by Morrell et al. [28] demonstrated that a positive correlation between oxidative stress (measured via SCSA) and fertility was observed following insemination with frozen-thawed equine spermatozoa. In addition, when the data from the present study were separated into two categories-those which did (positive) or did not (negative) result in a 14-day conception-spermatozoa from matings that did result in a conception (and therefore were considered to be more fertile) had lower vitality and a higher percentage of cells displaying ROS-induced damage than spermatozoa from matings that did not result in a conception (Fig. 2) . It was these observations that led the authors to further investigate this relationship. We hypothesized that, during in vitro storage and transport of the samples, those from more fertile stallions, which were assumed to be more metabolically active, were becoming exhausted at a higher rate such that, by the time the assays were performed in the laboratory, these cells suffered an accelerated demise due to the accumulation of metabolic by-products, such as ROS and cytotoxic lipid aldehydes. Essentially, we propose that spermatozoa from highly fertile stallions ''live fast and die young.''
The second set of experiments was then designed to elucidate the mode of ATP generation by equine spermatozoa: glycolysis or OXPHOS. Inhibition of glycolysis is not straightforward, as artifacts may be introduced that result in futile substrate cycling and in cell death [29] . For this reason, inhibition of OXPHOS was undertaken using several mitochondrial inhibitors, namely, antimycin A, CCCP, DPI, and rotenone. From this group, the flavoprotein inhibitor DPI was selected for further investigation due to its lack of deleterious effects on total motility and vitality. This agent was then 
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employed in a comparative study between equine spermatozoa and a species known to be highly dependent on glycolysis for sperm motility (human). OXPHOS inhibition resulted in over 70% reduction in VAP of equine spermatozoa, while human sperm velocity remained unaffected (Fig. 6A) . In addition, the ATP levels of equine spermatozoa decreased by over 75% following disruption of the mitochondrial electron transport chain, whereas there was no reduction in the ATP content of human spermatozoa (Fig. 6B) . While it must be acknowledged that this mechanistic study utilized a small sample size, equine and human spermatozoa displayed significant differences for all comparisons made in the present study. The greater efficiency of OXPHOS-mediated ATP production by equine spermatozoa supports a higher velocity, and, indeed, equine sperm velocity parameters are around 60% faster than those of human spermatozoa. As a consequence of these velocity differences, the ATP content of human spermatozoa is on the order of 37 times higher than that of equine spermatozoa, presumably as a result of differences in ATP turnover between the two species.
The electron transport chain is arguably the most important source of ROS in vivo, with about 1%-3% of O 2 reduced in the mitochondria during OXPHOS forming superoxide [30] . While the finding that equine spermatozoa generate ROS is not novel [31] , the general dogma has always been that it is the nonviable or poor-quality spermatozoa that generate the most ROS [32] . However, an alternative explanation is that rapidly metabolizing spermatozoa from highly fertile stallions exhibit higher levels of OXPHOS activity and therefore present with elevated levels of ROS generation and lipid peroxidation coupled with impaired vitality (Figs. 2 and 4) .
Comparatively high ROS production by equine spermatozoa appears to be a physiologically normal scenario brought about by superoxide leakage from the mitochondrial electron transport chain during OXPHOS, with a positive relationship between mitochondrial ROS production and sperm velocity (Fig. 4) , leading to increased rates of lipid peroxidation (Fig. 4) and, following prolonged storage, a loss of motility and vitality [25] . It is of interest that, compared with other species, such as the human, antioxidants have very little effect on the cryopreservation of equine spermatozoa [33] [34] [35] , possibly due to the abundant presence of catalase in equine semen to counteract the high levels of endogenous ROS production [36] , which, under certain conditions, such as during cryopreservation, make stallion spermatozoa moderately resistant to peroxidation [37] .
The relative dependence on oxygen for ATP generation by equine and human spermatozoa was investigated using a swimup assay under aerobic and anaerobic conditions. While, as anticipated, equine spermatozoa were better able to migrate into the swim-up fraction under aerobic conditions (Fig. 7A) , human spermatozoa displayed the opposite trend, with a significantly higher number of migrating spermatozoa under anaerobic conditions (Fig. 7B ). This result emphasizes that human spermatozoa are highly susceptible to the toxic effects of oxygen, resulting in a loss of functionality, which is most likely due to the fact that human seminal plasma contains in the order of 40 times less catalase than that of the stallion [38, 39] , making their spermatozoa more susceptible to oxidative stress.
The findings of the present study indicate that the relevance of oxidative stress to stallion fertility assessments must be considered carefully, and that, while the symptoms of oxidative stress are never going to be beneficial, they may be indicative of an extremely fertile sample while remaining at subclinical levels. A major implication of this phenomenon is that semen assessments must be performed as close as possible to the time of collection to avoid ROS-induced artifacts. Given that mitochondrial metabolism is the source of the majority of ROS, a mitochondrial antioxidant that can effectively scavenge leaked superoxide may present the best option to reduce the downstream effects of ROS on sperm functionality and DNA integrity. These findings will assist in the formulation of equine semen extenders and provide valuable information as to the importance of mitochondrial health to the fertility of naturally bred thoroughbred stallions.
